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ANAIXSISANDCOMPARISONWITHTEEORYOFFLOW-FIELD

MEMUHNENE NEARAIJJ?ITNGROTORIN

TEEIANGIEYFULL-SCALETUNNEL

~=H. Heyson

Resultsofan investigationintheUmgleyfull-scaletunnelofthe
inducedflownesra liftingrotoraregiven.Measurementsof stream
anglesandvelocitiesweremadein severaltransverseplanesalongand
behindtherotorinfourMfferentconditionsrepresentativeofthe
cruisingandhigh-speedrangesofflight.Thesemeasurementsindicate
thatavailabletheorymaybeusedto calculatewithreasonableaccuracy
theinducedflowovertheforwardthree-quartersofthediskforthese
flightconditionsprovidedthata realisticnonuniformrotordisk-load
distributionisassumed.Resrwardofthethree-cjp.srter-dismeterpoint,
calculationsoftheinducedvelocityareincreasinglyinaccuratedueto
therolliugup ofthetrailing-vortexsystem.Fartherrearward,well
behindtherotor,theflowmaybe representedmoreaccuratelybythe
flowbeMnd auniforml.yloadedwing.

INTRODUCTION

A detailedlmowledgeoftheinducedvelocityinandneartherotor
isrequiredfora completehelicopteranalysis.Fortunately,verysuper-
ficialestimatesareusuallyadequateforisolatedrotorperformanceor
stabilitycalculations.Recently,however,theemphasisonrotor-blade
vibrationproblemsandtheadventofthecompoundhelicopterandconvetii-
plauehavehighlightedtheneedformorecompleteinformation.

Rotor-bladevibrationanalyses,b general,recpirea knowledgeof
theinstantaneousinducedvelocityactingontherotorbladesat any
particularmoment.Someexperimentalevidence(ref.1) isavailable
whichindicatesthatthefluctuat~componentoftheflowmaybe so

-, largethatthereislittleapparentrelationbetweenthetitsntaneous
andthetime-averagedinducedvelocities.Suchihstsntaneousvelocities
havenotbeencalculatedtheoreticallyandme notdiscussedh this

,, paper.



2 NACATN 3691

Althoughperformancecalculationsfora compoundhelicopteror
convertiplanedonotrequtieasdetaileda lamwledgeoftheflowasdo
vibrationanalyses,theydorequirea moreelaborateanalysisthanis .
neededforan isolatedrotor.Almowledgeofthetime-averagedinduced ‘-
velocityatlocationsinthevicinityoftherotorshouldbe adequateto
predicttheeffectoftherotoronthewingssndtailsurfacesofthese D

maclxlnes.Thetime-averagedflowsareconsiderablysimplerto dealwith
theoreticallythanarethein.stantsneousflows,andtheresultsof several
theoreticalanalysesme available(refs.2 to 6, forexample).These
analysesme limitedbytherestrictednuniberoflocationsforwhichthe
calculationsweremadeandalsoby thefactthattheside-to-sidesym-
metriescausedby a finitetip-speedratioareusuallyneglected.

Severalpreviousexperimentalinvestigations(seeref.7 fora
bibliography)haveprovidedsomequalitativeinformationonthesubject
by theuseof smokeinflightandinwindtunnels.H.pwever,quantitative
measurements(refs.8 to 10)sreextremelyscarceand,h general,are
inadeq~teeitherto definethenatureofthefloworto checkthe
accuracyofthetheoreticalcalculations.

Thisinvestigationwasundertakeninanattempttoprovidesuch u
information.Stremnangleandvelocitymeasurementsweremadein several
transverseplanesalongandbehinda liftingrotorintheIangleyfull-
scaletunnel.Thesimulatedflightconditionscovertip-speedratios a

between0.0g5and0.232andcslculatedwakeskewan+j”lesbetween75.0°
and85.8°. SubstantiallyaU thebasicdatawe presentedinorderto
providethedesignerwiththemsxhmxnsmountofinformation.Atthose
locationsforwhichtheoreticalcalculationsareavailable,themeasured
datawe comparedwiththeoryinorderto determinetheextenttowhich
thecalculationssrevalidandalsoto determinethegeneralnatureof
theflowfield.

SYMBOLS

CL Lrotorliftcoefficient~V2 z
~fi

% rotorthrustcoefficient, T
P(m)%z

f equivalentflat-platemea representingparasitedrag,basedon

unitdragcoefficient,HelicopterparasitedragY Sqft~v2

— —-——
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complementof skewangle(usedinref.k asangleof attackof
rotortip-pathplane),deg

lift,lb

-c pressure,lb/sqft

free-streamdynamicpressure,lb/sqf%

bladeradius,ft

semispanofwing,ft

rotorthrust,lb

forwardspeedofrotor,ft/sec

normalcomponentof inducedvelocity,positivedownwsrd,ft/sec

averageormomentumvalueofthenormalcomponentofinduced
velocity,positivedownward,ft/sec

distanceparallelto longitudinalrotortip-path-plsmaxis,
measuredpositiverewrwardfromcenterofrotor)ft (fig=1)

distanceparallelto lateralrotortip-path-planetis, measured
positiveonadvancimgsideofdiskfromcenterofrotor,ft
(fig.1)

distancepsmallelto sxisperpendiculartorotortip-pathplane,
measuredpositiveaboverotorfromcenterofrotor,ft (fig.1)

rotorcontrol-axisangleofattack,radians

circulation,sqft/sec

vorticity,radians/see

tip-speedratio,v ~ a

massdensityof &, slugs/cuft

rotorwakeskewangle,anglebetweenZ-axisoftip-pathplane
andaxisof skewedwake,positiverearwardfromZ-axis,deg
(fig.1)

rotorangularvelocity,radi.ans/sec

—--- . —.—. —. .—. —.. - -..—.— ——— —.— .—— —



4 NACATN3691

Notethatthedefinitionsof X, Y, and Z,togetherwiththedirect-
ion ofrotationoftherotorinthisinvestigationresultina left-
handedaxis‘system.

M?3?ARATUSANDTESTS

ThesurveyswereconductedintheLangleyfull-scaletunnelwhich
isdescribedinreferenceI-1.Theexperimentalapparatususedinthese
testsisshowninfigure2(a).

Therotorwasoftheteeteringor seesawtypeandhaduntapered,
untwistedblades(fig.2(b))~th WA oo~ *foil section.Therotor
radiuswas7.5 feetanditssoliditywaso.05k3. Therotortipspeed
was500 feetpersecondforalltestsexceptthatat v = 0.232.For
thistest,therotorwasoperatedat450feetpersecond.

Two.differentsurveyrakeswereusedinthetests(fig.2(c)).A
calibratedfive-tubesurveyrakewasusedtomeasurethestreampitch
andyawanglesanddynamicpressuresformostofthetests(fig.2(d)).
TMS rakeisfullydescribedinreferenceM. ~ orderto obtaindata
closertotheplaneoftherotor,a calibratedpitchhead(fig.2(e))
wasusedto surveypointsinthelongitudinalplsneof symmetryforone
flightcondition.

Theprocedureusedinthetestswasasfollows:Therotorwasfirst
setapproximatelyata predeterdnedflightcondition.Then,thearea
above,below,andbehindtherotorwassurveyedwiththerakes.At
intervslsduringthesurveying,readingsweretskenofrotorthrustand
drag,bladeflappingandfeatheringmotions,andtunneldynamicpressure.

CORRECTIONS

A floorwasinstslledinthetunneltestsectionforallthetests,
andforthisconfigurationtheLangleyfull-scaletunnelhasno appreciable
jet-boundarycorrection(ref.13).

In orderto correctthemeasureddynamicpressuresandstreamangles
forthefluwaboutthesupportingmechanismandfortumnelstresmangle,
dataweretakentwiceateachpointin space– oncewithandoncewithout
therotorbladesinstalJed.Thedifferenceisconsideredtobe charac-
teristicoftheisolatedrotor.It shouldbe noted,however,thatthis
procedureisnotadequatetiregions-diatel.ybehindtherotor.(See

.
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figs.3 to 5.) Measurements
becauseoftheeffectofthe
angleofattackoftherotor

Theaccuracyofthetwo

5

madeintheseregionshavelittleaccuracy
rotorontheflowaboutthetower.The
wascorrected

PRECISION

fortunnelstresmangle.

rakesisessentiallythesame.Bothmeasure
dynamicpressure-within2 percentandstresmangieswithin 1/2°. These
figurestakeintoaccounttheunsteadinessoftheflowandthehigh
vibrationleveloftherakemount.Atthelowesttip-speedratio,addi-
tionalinaccuracyis causedby’the&LFficultyinreadingthesmallchanges
of liquidheightinthemanometertubes.Overallaccuracyintermsof
theaveragevalueofthenormalcomponentofinducedvelocitywillbe a
functionoftherotorliftcoefficient.Foreaseofreference,thefol-
lowingtablegivestheestimatedoverallaccuracyforeachofthef~ght
conditionscoveredinthisinvestigation: “

I Tip-speedratio,v I Accuracy,percentV. I

0.095 *15
.139 ~lo
.140 flo
.232 i-25

Therskesusedwereincapableofmeasuringinstantaneousvariations
of inducedvelocitysuchasmightbe desiredfora refinedblade-vibration
anslysis. Therefore,alldataaretime-averagedvalues.T’Qeexperjm.ent~
restitsofreference8 indicatethatinstantaneousv~uesmaydiffer
greatlyfromthemeanvaluesmeasuredinthesetests.

Duringthetests,therotortipspeedwasheldconstanttowithin
1 percent.Thethrustcoefficientwasmeasuredwithin1 percent.The
skewangle,whichwascomputedby usingthemeasuredvaluesof ~ and
themeasuredblademotionsinequation(3) ofreference2, shouldbe
accuratetowithti1°.

Thepositionoftherakewithrespectto thehubwasknownwithin
0.3 percentR. Becausetherotorwasoftheteeteringtype,theonly
coningwasdueto thedeflectionoftheblades.Thetipdeflectionwas
estimatedvisuallytobebetween2 and3 percentoftheradius.The

.-.-— —-. ....— _ .——..—.. —.— . —_____ _.—_ ____ —_. . —
,



6 NACATN 3691

datasrepresentedwithreferenceto a plsneparalleltothetip-path
planeandpassingthroughtheteeteringpin.

RESU3SANDDISCUSSION

BasicData

Becauseofthepresentlackof information,boththeoreticaland
experimental,ontheinducedvelocitiesinmanyareasnesrtherotor,
substantiallyellthebasicdataobtainedintheinvestigationsrepre-
sented.Ineachcasetherotorflightconditionisidentifiedonthe
figureby theskewangle X andthetip-speedratio V. TableI iden-
tifiesthevsriousflightconditionsmorecompletely.

Figures3 to5 showthemeasuredstreamanglesintheflow;fig-
ures6 to 8 showcontoursofdynamic-pressureratio;andfigures9 to ~
givethemeasuredvsluesofinduced-velocityratio.Thefairingsof
themeasureddata,showninfigures9 to 29,areusedforthesubsequent ~
analysis.

Thebasic-datacurvesarenotdiscussedas suchinthispapersince .
themoresignificantphenomenahavecilreadybeenpointedoutinrefer-
ence10.

DiscussionofApplicableTheory

Inreference2,CastlesandDe Leeuwpresentcalculatedvaluesof
thenormalcomponentof inducedvelocityinthelongitudinalplaneof
symmetryandalongtheprincipal(X,Y,Z)axesofa rotorwitha uniform
disk10diTlf$. Reference3 usestheflowfieldofreference2 to calcul-
ate theflowfieldforrotorshavingnonuniformbutcircularlysymmet-
ricaldiskloadings(thespecificcasescalculatedbeingrotorswitha
triangulardiskloadingandwithatypicalmeasuredmeandiskloading).

AdditionaltheoreticalcalculationsbylhnglerandSquire(ref.4)
giveinduced-velocityinformationintheentirerotordiskandalsofor
a transverseplaneinthefsrwake. A latersectiondiscussesa method
oftransformingtheseresultsto correspondwiththeresultsofrefer-
ences2 and3 exceptforthespecificdiskloadingsconsidered.

Drees(ref.5) discussessomeoftheeffectsofa finitetip-speed
ratioandpresents“calculationsof someoftheseeffectsat selected .

.

— —
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pointsontherotordisk. It shouldbe notedthatthecalculatedcurves
presentedwiththedataare
inthisreference.

Comparisonof

Values

notmodifiedfortheasymmetriesdiscussed

MeasuredData

ofReferences

WithCalculated

2and3

Imgitudinal planeof symmetry.-Figures30 to 33 presentthemeas-
uredvaluesofinducedvelocityinthelongitudinalplaneof symmetryas
compsredwiththecalculatedvaluesfromreferences2 and3.

Forthefourflightconditions,themeasureddataneartheforward
portionsoftherotorfallclosetotheflowcalculatedfortherotors
withzeroloadinthecenter.Theexistenceofessentiallyzeroinduced
velocityatthecenteroftherotorandofregionsofupwashbehindthe
centerereclearlyshown.Furtherrearwsrdintheflow,justbehindthe
trailingedgeoftherotor(X/R= 1.07), thereisno longermy pronounced
correlationbetweenthemeasuredandthecalculatedflow,regardlessof

● theliftdistributionassumedto existontherotordisk.At ~eater
distancesbehindtherotor(X/R= 2.OTand3.14), thereseemstobe no
correlation.Thephysicalreasonsforthislackof correlationsre.
discussedsubsequently.

LOngitudindaxis.-If curvesarefairedthroughthedatainfig-
ures30 to 33andthevaluesat Z/R= O aretakenfromthesecurves,
itispossibleto obtainan ideaofthevariationof inducedvelocity
alongthelongitudinalsx.isoftherotor.Theresults,plottedinfig-
ure34, showclesrl.ythegoodcorrelationofthenonuniformlyloaded
rotorcalculationsintheflowovertheforwsrdthree-qusrtersofthe
rotorandthedeviationbehtidthatpoint.

Figure35 compsresthemeasuredpointsoffigures34(c) andZl(d):
Thesetwoflightconditionshaveverysmalldifferencesinskewangles.
Thereis,however,ana~reciabledifferenceintip-speedratioand
liftcoefficient.Actually,thecalculatedinduced-velocityratiosfor
thesetwoskewsaglesarevirtuallyidentical.Itmaybe seenthat,
experimentally,thereisverylittledifferencebetweenthehduced
velocitiesalongthelongitudinalsxisforthetwotip-speedratios.
Thisfactisasassumedinreferences2 and5.

Lateralax.is.-Thebasicdatamaybe cross-plottedinthesame
mannerto obtaintheinduced-velocitydistributionalongthelateral(Y)
axis. Theresultsofthesecrossplotsareshowninfigure36 andwe
compsredwiththecalculateddistributionsofreferences2 and3. The
calculatedflowissymmetricalsinceno accountistakenofdissymmetries
duetothefinitetip-speedratio.

——... . .——-—c _-—_ —
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A wordof cautionisnecessaryatthispoint.Eecauseoftheneces-
sityofmaintaininga clesrancebetweenthesurveyrskeandtherotor,
itwasnotpossibleto obtaindata?mchcloserthan20percentR above “
therotor.(Seefigs.30, 32, and33.) Thetheorypredictsratherlsrge
gradientsof inducedvelocityatlocationsclosertotherotorthanthis
point. Inthelongitudinalplaneof symmetryitispossibleto cross-
plotthedatawithsomeconfidenceby comparingthetrendsshownwell
abovetherotorby thetheoryandby themeasuredpoints.At otherloca-
tions,withoutthetheoryasa guide,theaccuracyof crossplotsis
problematical.Therefore,thefollowingdiscussionoftheinduced-velocity
distributionontheY-aMs shouldberegardedasbeingona lessfirm
basisthanthediscussionintheprecedingsections.

Figure36 indicatesthattherotordoeshavezeroinducedvelocity
at itscenter.Thisis inagreementwiththeassumptionthattherotor
carrieszeroloadat itscenterandfurtherindicatesthatthisfact
mustbeusedH theflowistobe calculatedwithmy de~ee ofaccuracy.

Figure36 also showsthattheinduced-velocitypeakontheretreating
sideishigherandfurtheroutboardthanthepeakontheadvancimgside.
Thisresultislogicalwhenthedifferenceinloadingonthetwosides “*
oftherotorsrecompsred.Theresultantvelocitiesatthetier portion
ofthebladesontheretreatingsideareverylowor evennegative,whereas
thecorrespondingvelocitiesontheadvancingsidesremuchhigher.There- “
fore,theload@ ontheinnerportionoftheretreatingsideofthedisk
mustbe lessthanthatontheadvancingside.Theouterportionofthe
retreatingsidemustthencsrrya greaterloadinginorderthattheblaiie
thrustmcynentremainessenti~yconstantaroundthedisk.Thus,the
loadingontheretreatingsidewillpeakfartheroutboardandata higher
valuethsmtheloadingontheadvancingsideofthedisk.Thisisthe
sametrendshownby themeasuredinducedvelocitiesandisindicativeof
theverycloserelationbetweentheinducedvelocitiesandtheloading
alongthisaxis.

ComparisonofMeasuredDataWithCalculatedValuesofReference4

Modificationof calculationsforfiniteliftcoefficient.-Mangler
sndSquire,inreference4Y computetheinducedvelocitiesintherotor
diskandina transverseplaneinthef= wake. Theircalculatedresults
arekbnitedtovsmishinglysmallliftcoefficientsinthatthetrailing-
vortexsystemleavestherotorinthesamedirectionandwiththesame
velocityasthefreestream

Theassumptionof a finiteliftcoefficientaltersthispicturein .
twoways:First,thetrailing-vortexsystem-mustnowcrossthefree-
stresmflowand,second,therewillbe a changeinthevortexdensity.

.

.—



x
NACATN 3691

Theresultsofreferencek me easilymodifiedto accountfor
chsmgesandywhensomodified)willcorrespondwiththeresultsof
erences2 snd3 exceptforthespecificdiskloadingsconsidered.

9

these
ref-
l!he

firstmodificationismerelya rotationofthefieldto accountforthe
incltitionofthewake. Theincidenceangle i isthenthecomplement
oftheskewangleX. Thechangeinvortexdensity,althoughaffecting
theabsoluteinducedvelocityv,wi12haveno effectupontheinduced-
velocityratio ~ -

()
VO-43. Therefore,thenewvalueof v msybe -vc~

foundbyusingthevalueof v/v. fromreference4 andby cal.culat~
V. fromanequationwhichconsidersthefiniteliftcoefficient(such
aseq.(32) ofref.2).

Forthepurposeof comparisonwiththetiasureddataofthispaper,
alltheinducedvelocitiesofreference4 havebeenmodifiedto corre-
spondwithreference2 inregerdtobothskewangleandvortexdensity.

Planeoftherotor.-Veluesof induced-velocityratiointheplane
oftherotorobtainedby cross-plottingthemeasureddataarecompared
withthecorrectedcalculatedvaluesfromreference4 infigures37to 43.
Thesefigureswe discussedonlyingeneral,sincetheyindicatethessme
resultsasthepreviouscomparisonwithreferences2 and3. Thisresult
mightbe expectedsincethecalculatedresultsshouldbecomparableif
thesameloaddistributionssxeassumed.Theresmiblancebetweenthe
typicalloadingofreference3 andpressuredistributionIIIofrefer=
ence4 isevident. .

Ingeneral,thessmeextentofagreementisnoticeable(seeespecially
fig.37(b));thatis,thecalculatedflowfieldis closetothemeasured
fieldonlyovertheforwardthree-quartersofthedisk.

Eachfigure(figs.37 to 43) showsthattheinduced-velocityfield
forpressuredistributionIII(labeledP.D.III)isclosertothemeasured
fieldonbothsidesofthediskthanthatforpressuredistributionI
(labeledP.D.I). SticepressuredistributionIIIrepresentsa disk
loadingwithzeroloadinthecenterandtheotherdistributiondoesnot,
thisresultisasexpected.

Thisresultdoesnotagreewiththatofreference9, whichindicates
thatpressuredistributionI shouldbeusedforcalculatingtheinduced
velocitiesovertheadvsmcm sideandpressuredistributionIIIjover”
theretreatingsideoftherotor.Thisresult(ref.9) arosefrommeas-
urementsmadeat X/R= 1.5 andyas such,is subjectto errorbecause

. ofthediscrepancybetweentheoryandthemeasureddatainthisregion.
Thepresentresultisconsideredtobemoreaccurate.

Thevaluesat X/R= 0.5 (fig.43) seemtoindicatethat,atthis
location,theerro’risgeneraldysomewhatlargerneartheouteredges

.—- —— .— ———. —
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ofthedisk.Thisresultmight
trailing-vortexsystemwouldbe
disksoonerthanthecenter.

be expectedsincetheroll-upofthe
expectedto affecttheouteredgesofthe .

Fsrwake.-Reference4 slsocomputestheinduced-velocitydistribu-
tioninthefarwake. Thecomputedcontoursofinduced-velocityratio
forbothpressuredistributionsinthefarwakearecomparedinfig-
ures44to49withmeasuredcontoursofinducedvelocityat X/R= 2.07
and X/R= 3.14 forthreedifferentflightconditions.(Noticethat
therotationofthecalculatedflowfieldrequiredto obtaincorrespond-
encewithreferences2 and3 resultsina verticaldisplacementofthe
computedinducedvelocities.)

Ingeneral,themeasuredinducedvelocitiesareofthesameorder
ofmagnitudeasthecalculatedvslues.Thisresultwouldbe expected,
regardlessoftheflowpatternassumedforthecalculations,sincea
givenamountofdownwardmomentummt be impartedtotheairto obtain
a givenlift.Thedistributionofinducedvelocityis,however,rather
differentfromthecalculatedvalues,particularlyinthecentralpor-
tionofthewake. ~ somecases,thecalculatedinduced-velocityfield
intheusuallocationof short-spantailsurfacescouldbeincorrectby . ‘
asmuchas 1.5v/vo.

.

Natureofthe.Flow

Atthispointthereasonfortheratherseverediscrepanciesbetween
thecalculatedsndthemeasuredinducedvelocitiesintherearwardpor-
tionoftheflowis considered.Reference10hasalreadynotedthe
rollingup ofthevortexsheetbehindtherotor.Figures50to 52 exsmine
thisphenomenonmorethoroughlyforthreedifferentf~ght conditions.
Thesefiguresarecontourmapsofthemeasuredlocalmeanvorticity
behindtherotor.Theintersectionoftheoutermostedgeoftheassumed
wake(refs.2,3, 4,and6) withthesurveyplaneisshownineachcase
by thedashed-lineelMpse. IXtheassumedwskevortexpatternis correct,
thecontoursofvorticityshouldbe alongthiswakeedge(orwithinit,
dependingupbnthediskloaddistribution).

In general,thisisnottruesincethedominantfeatureineachcase
isthevorticityassociatedwiththewell-developed,rolled-upvortices
behindtherotortips. It shouldbenotedthatthesevorticeshaveonly
beendisplacedverticallyabouthalfasfsrasthecenterofthewake.
Thelowerhalfoftheellipticalsheetisessentiallycompletelyrolled
up atthetrailingedge(figs.50,51(a),and52). Theupperhalfofthe
ellipticalsheet(originatingfromtherearofthedisk)isstillvisible “
at X/R= 1.07,butitslsois completelyrolledup shortlysfterthat
point(figs.51(b)=d 51(c)). .
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Theshilaritybetweentheflowbehindtherotorandthatbehinda
low-aspect-ratiowingisverycloseanditispossibleto drawa somewhat
morequantitativeanalogy.

Reference14examinestherollingup ofthetrailing-vortexsystem
behinda low-aspect-ratiowing. Forliftcoefficientsoftheorderof
severaltenths,theroll-upisessentiallycompleteina veryshort~s-
tante.Figure9 ofreference14 showsthat,foranuntwisted,rectangular
wingofaspectratio 4/fi(thesameaspectratioasa rotor),andfor
theliftcoefficientsusedherein(0.720,0.373,and0.122),theroll-up
distancesshouldbe0.33,0.64,and1.97timesthechordlen@h,respec-
tively.Itismoredifficultto determinetherateofroll-upforsome-
thingas complexasa rotor,butfigures50to52 hdicatequalitatively
thatitisalsoextremelyrapid.

Theseobservationsarefurthersubstantiatedbytheinduced-velocity
measurementspreviouslyexaminedinfigures30 and32. Themeasureddata
inthesefiguresshowa markeddiscontinuity(whichwouldbe expectedat
theedgeofthewake)onlyh thevicinityoftheupperwakeedgeat
X/R= 1.07.Fartherbehindtherotor(X/R= 2.07smd3.14),thereisno
pronounceddiscontinuity;thisconditionindicatestheabsenceofa strong
vortexsheetinthisregion.

Figures33(f)and33(g)seemto showa discontinuitysomewhatabove
theupperedgeoftheassumedwake. Thepreviousanalogywithlow-aspect-
ratiowingsindicatesthepossibilitythattheroll-upwouldnotbe as
rapidinthiscasebecauseofthelowrotorliftcoefficient(CL= 0.122).
Thedifferencebetweenthecalculatedandthemeasuredflowfieldsmay
be explainedonthisbasis.Intheforwardportionsoftheflow,the
ellipticalwakehasnotrolledUpymd itthereforeresmiblesthewake-
vortexmodelusedinthecalculations.Thewakehere,has,of course,
thegreatesteffectontheinducedvelocitiesintheforwardportions
oftheflowandessentiallydeterminestheirmagnitude.Conse~ently,
inthispartoftheflow,calculationsgivea reasonablepictureofthe
actualinducedvelocity.

Fartherrearwsrd,however,thedistortedportionofthewakehasa
greatereffectindeterminingtheactualinducedvelocity.Thecalculated
flowfield,therefore,isincre.asingl.ymoreinaccurateas itsdistance
downstreamincresses.

A shortdistsncebehindtherotor,it shouldbe possibleto assume
thattheflowwillbe thesameasthatforanequivaleritwing. Themin-
imumdistancebehindtherotoratwhichthisprocedurewillbe validis
a functionoftheliftcoefficient.

Fromreference15theinducedvelocityintheplaneof symmetryof
a uniformlyloadedrectsmgulsrwingis

..-——— - - .—...—— -—- —— — . .———— ———-— ----—— —- ——— —— - —
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V=g

[
(

H+“~” ‘S2:Z2‘S2:Z2(1) ,

~ it i’ assumedthat
thelaterslcenterlineof
(theapproximatecenterof

thequarterchordoftheequivalentwingand
therotorcoincideandalsothat s = 0.85R
gravityof’thevortexsystem),

v=Q&Er
{i

x
23-c

(o.@R)’ + x’ + “ [ 1‘2 t Z’+ (o.85R;’+ Z’ + (o.85R;’+ Z’
I

E’nondimensionalized,equation

~= 0.85

{J

X R)’

0.723t [+)2+ (:)2

1

()20:723+ f
}

Now

r=~‘Pm

and,forskewanglesnesr90°,

2) becomes

k
1

z’+($)21() 2
‘n 010.723+ #

(2)

+

r

(3) -

V. . L
Z?@h#

(4)

(5)

Substitutingequation(4)intoequation(3)anddividingbothsidesof
theresultingequationby equation(5)gives

v— = 0.425=?0

{~ [o=7’3+ ::)2 + (:)2 (x)’ ‘(f)’+ o07’3: (:)’
+

.

.

1

(R)‘2
0.723+ -

}

(6)
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Theflowcalculatedby thisequationissymmetricalabout Z/R= O;
thatis,itdoesnotallowfortheverticaldisplacementofthewake.
Aspointedoutpreviously,thecentersofthevorticesaredisplaced
downwardanamount

(7)

Theinducedvelocityforthisassumedwinghasbeencalculatedfrom
equations(6)and(7)andis comparedwiththeflowmeasuredat X/R= 2.07
dnd3.14(for p =0.1~ and X=82.3°) infigure53. As expectedin
theserearwsrdplanes,itisa closera~roximationtotheactualflow
thanaretheflowscalculatedonthebasisofa skewedcylindrical.wake
(fig.32,forexample).

Anotherpointisworthnotinghere. Ithas,uponoccasion,been
assumedthattherotorwakemusthavemorevorticitybehindtheretreating
sideofthediskthanbehindtheadvancingsideofthedisk,sincethe
unequalbladevelocitiesonthetwosidesrequiretheretreatingblade
tohavea greatervalueof circulation.Thiswouldbe trueonlyatthe
trailingedgeofthebladeto anobserverridingaroundwithit. However,
to anobserverimmediatelybehindtherotordisk(asinthesesurveys),
thesummationofvorticitybehindthediskmustbe equaloneachside,
sincevorticitycannotendin space.Morecompletecontoursoflocal
meanVorticity
isessentially

thau thosegiveninfigures
true.

50to 52 indicatethatthis

CONCLUSIONS

Theresultsofthiswind-tunnelinvestigationoftheinducedflow
neara singlerotorinsimulatedcruisingandhigh-speedflightareas
follows:

1.As farresrwardasthree-qyartersofa dismeterbehhd the
leadingedgeoftherotordisk,thenormalcomponentof inducedvelocity
ofa liftingrotormayte calculatedwithgoodaccuracyby available
theoryprovidedthata realisticnonuniformdiskloadingisassumed.

2.Rearwsrdofthisthree-xer diameterpoint,calculationofthe
inducedvelocitybecomesincreasinglyinaccuratebecausethetrailing-
vortexsystemrollsupveryrapidly,andthewakevortexpatternbehind
therotorisslteredfromthatassumedx a basisforthecalculations.

3.At locationswellbehindtherotor,theinducedflowmaybe cal-
culatedmoreaccuratelybyassumingtherotortobe a uniformlyloaded

—,. . .—-.— -.. .___—__ _ —.—— —.— —.— _..— —.
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rectangularwing,providedthattherotorliftcoefficientissufficiently
high. .

4.ThereislJttleeffectoftheasymmetriesassociatedwithtip-
speedratioontheinducedflowalongthelongitudinalaxisoftherotor.

5. Theinduced-velocitycalculationsofhfsnglerandSquirecanbe
modifiedtoaccountforthewakecrossingtheflowbecauseofthefinite
liftcoefficient.

LangleyAeronauticalLaboratory,
NationalAdvisorgCommitteeforAeronauticsj

~ey Field,Va.j Februsry23,1956.

u
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